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ABSTRACT 

The Explorer Platform/ Extreme Ultraviolet Explorer (EP/EUVE) spacecraft 
power is provided by the Modular Power Subsystem (MPS) which contains three 
50 ampere-hour Nickel Cadmium (NiCd) batteries. The batteries were fabricated 
by McDonnell Douglas Electronics Systems Company, with the cells fabricated by 
Gates Aerospace Batteries (GAB), Gainesville, Florida. 

Shortly following launch, the battery performance characteristics showed similar 
signatures as the anomalous performance observed on both the Upper 
Atmosphere Research Satellite (UARS) and the Compton Gamma Ray 
Observatory (CGRO). This prompted the development and implementation of 
alternate charging profiles to optimize the spacecraft battery performance. The 
Flight Operations Team (FOT), under the direction of Goddard Space Flight 
Center's (GSFC) EP/EUVE Project and Space Power Applications Branch have 
monitored and managed battery performance through control of the battery 
Charge to Discharge (C/D) ratio and implementation of a Solar Array (SA) 
offset. This paper provides a brief overview of the EP/EUVE mission, the MPS, 
the FOT's battery management for achieving the alternate charging profile, and 
the observed spacecraft battery performance. 

INTRODUCTION 

The EP/EUVE spacecraft was designed, built, and managed by NASA, GSFC. EP/EUVE is 
operated by NASA and Loral AeroSys with the primary payload, the Extreme Ultraviolet Explorer 
(EUVE), operated by the University of California at Berkeley. The Explorer Platform (EP) 
spacecraft design was based on the Multimission Modular Spacecraft (MMS). The platform can 
support a variety of remote sensing, Low-Earth-Orbit (LEO) missions requiring solar, stellar, or 
earth pointing missions. The EP provides a space based platform from which the explorer class 
instruments and equipment can be remotely exchanged during Space Shuttle-based servicing 
missions. The MMS structure supports the Platform Equipment Deck (PED), which serves as the 
EP interface to the payload. The payload module, currendy EUVE, is mounted on the PED and the 
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mission-unique equipment has been placed within removable PED modules. When EP was 
integrated with its payload module, EUVE, it became the mission-unique EP/EUVE satellite. 

The EP/EUVE spacecraft was launched on a Delta II Expendable Launch Vehicle (ELV) from Cape 
Canaveral Air Force Station, Florida on June 7, 1992 into a circular orbit 528 km in altitude with 
an inclination of 28 degrees. The EUVE is a LEO astronomical survey mission that has produced 
the first definitive sky map and catalog in the portion of the electromagnetic spectrum that extends 
from approximately 100 to 1000 angstroms. Scientifically, the mission includes three objectives, 
all-sky survey, deep survey and spectroscopy. The all-sky survey and deep surveys were 
performed concurrently during the first 6 months of the mission and completed in January, 1993 
with gap filling completed in July, 1993. The balance of the EUVE mission is being used for 
additional spectroscopy experiments. 

During the two spacecraft modes ot operation, the spacecraft orientation is detined as follows. In 
survey mode, the spacecraft maintains a constant rotation of 0.18914 +/- .00005 degrees per 
second. In spectroscopy mode the spacecraft will be inertially fixed such that the spacecraft is 
pointed within the design constraints of 0 to 1 10 degrees with respect to the -X^, axis and +/- 33 
degrees with respect to die Command and Data Handling (C&DH) roll axis. 

MODULAR POWER SUBSYSTEM 

The EP/EUVE MPS is comprised of all the power control, distribution, regulation, provision, and 
other power-related hardware. This includes the McDonnell Douglas MPS and the two Solarex 
solar arrays. Figure l illustrates the subsystem interfaces. 

The functions of the EP/EUVE major power subsystem components are presented in Table 1. 


Table 1 : EP/EUVE Major Power Subsystem Components 


Power Subsystem Component 

Function 

Bus Protection Assembly (BPA) 

Fusing of internal MPS loads 

50 Ampere Hour Batteries (3) 

Energy storage 

Power Control Unit (PCU) 

Power distribution 

Remote Interface Unit (RIU) (2) 

Command & Data Handling interface 1 

Signal Conditioning Assembly (SCA) 

Command and telemetry conditioning 

Solar Arrays (2) 

Energy conversion 

Solar Array Drives (2) 

Maintains solar array position as determined 
by the Solar Array Drive (SAD) flight software 
and commanded by the Solar Array Drive 
Electronics (SADE) 

Solar Array Drive Electronics (2) 

Monitors and commands the SAD movement 
as determined by the SAD flight software or 
ground issued commands 

Standard Power Regulator Unit (SPRU) 

Battery charge control 

Thermal Control Subsystem 

Battery system thermal regulation 4 


The batteries onboard the EP/EUVE spacecraft are three 50 amp-hour conventional NiCd batteries 
in parallel configuration. Each battery contains 22 serially connected cells. The plates were 
fabricated at GAB during the 1/85 to 5/85 time period. The cells were activated m March 1988. 
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Figure 1 : EP/EUVE Power Block Diagram 
POWER SUBSYSTEM OPERATIONS 

The MPS operations have evolved on-orbit to rely heavily on various SPRU modes of operation. 
The modes of SPRU operation are discussed in Table 2. 

EARLY MISSION OPERATIONS 

At launch, the Voltage Limit Mode of SPRU was set at V/T level 5; however, the level was 
commanded to V/T level 4 on launch day based on the observed high average C/D ratio values 
(1.286, 1.241 and 1.224 for batteries 1, 2 and 3, respectively). The level was later lowered to V/T 
level 3 on May 5, 1993 to further reduce the C/D ratio. 

Thermostat control was also implemented during early mission operations. MPS battery 
temperature regulation was implemented to maintain a specific battery temperature operating range 
greater than the thermistor set points for the battery heater controls. This can be performed on the 
EP spacecraft because the MPS configuration includes an externally mounted heat pipe 
implementation that maintains a stable thermal environment between all three batteries. Current 
operation maintains a battery baseplate temperature of greater than 5 degrees C and less than 8 
degrees C. This temperature range is maintained through Onboard Computer (OBC) Telemetry 
Monitor (TMON) control. The original operational implementation was introduced on September 
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8. 1992 based on a temperature goal of 2 degrees C. This goal was changed, in steps, to the 
current operational temperature range on October 23, 1992. The battery temperature trends for the 
length of the mission is presented in Figure 2. This thermostat control showed no appreciable 
impact on the battery charge profile. 


Table 2: SPRU Modes of Operation 


[f“ Sr SPRU Modes ot Operation ! 

Standby Mode 

The MPS power is supplied by the batteries due to no 
available solar array power. The SPRU is able to 
receive commands and retains a memory of its last 
commanded state in this mode. 

Peak Power Tracking Mode 

The maximum SA output power point will be 
maintained to provide all available power to the 
spacecraft load and recharging the batteries until the 
Voltage-Temperature (V/T) set point is reached or the 
constant current mode is enabled. 

Voltage Limit Mode 

The battery voltage limit is determined by one ot the 
eight commandable NASA standard V/T limits. When 
the battery terminal voltage rises to the limit, the battery 
current is reduced to a taper profile. 

Current Limit Mode 

The current limit is an externally commanded mode 
which limits the total battery charge current to one of the 
three selectable levels, 0.75 amps, 1.5 amps or 3.0 
amps. 

Safe Mode 

In the event of three consecutive pulses being missed to 
the MPS Computer Status Monitor (CSM), the SPRU 
will be commanded to the appropriate V/T level based 
on the selected V/T level (currendy V/T level 1). No 
external commanding will be allowed to the SPRU until 
the CSM has been disabled. I 


CURRENT POWER OPERATIONS 

The C/D ratio and the net overcharge of all three batteries remained higher than recommended for 
the batteries. This is due in part to the small loading requirements of the spacecraft and the large 
size of the SAs. Because the arrays were designed to support a 10-year Platform mission life 
integrated with EUVE and a variety of follow-on Explorer class Instruments, the available power 
to the payload was budgeted at 300 watts for an orbital average with peaks of 1000 watts. On- 
orbit EUVE payload power needs, however, have been an orbital average of 200 watts with peaks 
of 300 watts during both spectroscopy and survey modes. 

The FOT currently utilizes three of the SPRU modes - the constant current mode, the peak power 
track mode and the voltage limited mode, on an orbital basis for nominal battery operations. These 
standard operational procedures for a single EP/EUVE orbit are presented in Figure 3. 
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Battery 1 ° Battery 2 * Battery 3 


Figure 2: Mean Battery Temperatures for the Mission Life 
Constant Current Mode at Orbital Sunrise 

Constant Current Mode (CCM) at Orbital Sunrise (OS) was implemented to regulate the high 
battery charge current from the SAs when the arrays are cold. The operational goal has been about 
20 amps. The onboard implementation uses the OBC Orbital Time Processor (OTP) flag 6 to trip 
when the spacecraft to sun vector cosine is -0.5 corresponding to an angle of 120 degrees. This 
equates to approximately 2 minutes prior to spacecraft day. The flag executes a Relative Time 
Sequence (RTS) that commands the SPRU to 3.0 amp CCM at orbital sunrise then returning the 
SPRU to VAT control approximately 10 minutes into day. 


Spacecraft Night 


Spacecraft Day 


Spacecraft Night 



Figure 3: Standard EP/EUVE Orbital Battery Management 
Constant Current Mode at Full Charge 

CCM at full charge was implemented to minimize the batteries overcharge. Proactive steps have 
been taken to maintain a ground minus CCM calculated C/D ratio goal range of 1.02 to 1.07 and 
hence minimize the batteries overcharge. In this implementation, the SPRU commands 0.75 amp 
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CCM to maintain a trickle charge on the batteries while still in spacecraft day after the C/D ratio 
goal has been reached as determined through TMON sampling of the battery state of charge. The 
C/D Ratio goal is based on the assumption that when the battery reaches 100 percent state of charge 
at a specified 0.98 Power Monitor (PMON) processor battery charge efficiency, the C/D ratios 
approximate 1.02. 

PMON battery efficiency changes 

The PMON battery efficiency changes were implemented to stabilize the End-of-Night Load Bus 
Voltage (ENLBV), which was decreasing during extended maximum eclipse period. The PMON 
battery efficiency is decreased by 0.01 during the maximum eclipse period to allow additional 
charge on to the batteries while marginally increasing the C/D ratio by 1 percent The CCM at full 
charge target C/D ratio may be changed by changing the Battery 1, 2, and 3 charge efficiencies in 
the PMON processor via OBC system table load. This is routinely being performed by changing 
the target C/D ratio. The efficiency is set to 0.97 for spacecraft eclipse periods ot greater than 34.5 
minutes and set to 0.98 for eclipse periods less than 34.5 minutes. The PMON efficiency changes 
are presented with the length of spacecraft day in Figure 4. 



Minutes D 0.98 Efficiency * 0.97 Efficiency 


Figure 4: Length of Spacecraft Day for the Mission Life 


Solar Array Offset 

The SADs remained powered off during the first 13 months of the EP/EUVE mission, In-Orbit 
Checkout (IOC), survey, and 6 months of inertial point mode. Then, following the completion ol 
the gap fill-in portion of the all sky survey in July 1993, the SADs were validated during ammi- 
IOC. Two SA hardware limitations, specular reflection and an Extra Vehicular Activity (EVA) 
handrail, were identified during the validation. The spacecraft body, specifically the Signal 
Conditioning and Control Unit (SC&CU), reflects sunlight onto the solar array panel 1. This 
causes heating of the panel in the vicinity of thermistor 3 to the solar panel red high temperature 
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qualification limit, 1 14 degrees C. Additionally, an EVA handle prevents the movement of solar 
array 2 past 83 degrees -X limiting the range of possible SA motion. A flight software change 
has been implemented which will maintain the solar arrays at a table-defined offset This flight 
software implementation repositions the SAs to the offset position, currently 40 degrees to avoid 
specular reflection, taking into account the EVA handrail limitations, when the spacecraft slews to a 
new target. The change in the spacecraft attitude may be seen in the effective solar array offset 
(figure 5). . J 



158 228 298 2 72 142 212 282 352 57 127 197 267 

1992 1993 1994 

Day of Year 


Degrees 


Figure 5: Effective Solar Array Offset for the Mission Life 

DATA 

With the implementation of CCM and SA offset management, the charge-to-discharge ratios 
have decreased for the length of the mission (figure 6). The average IOC C/D ratios (including 
CCM) of 1.08 to 1.09 in comparison with the current values of 1.06 to 1.07 showing an 
improvement of 2 percent for batteries 1 and 2 and of 1.5 percent for battery 3. The battery C/D 
ratios show stable in-family trending of high numbers during the survey portion of the mission 
with the SA position constantly normal to the sun. The C/D ratios diverged in January 1994 
with the spacecraft transition to inertial point mode and the introduction of CCM at OS. During 
this mission phase, the SADs remained fixed, while the spacecraft changed pointing positions 
throughout the sky on a daily and sometimes orbital basis. This varied the effective SA offset to 
the sun from 0 to 55 degrees, and thus varied the available solar array current to the batteries. 
Two operational events, a deep discharge of the batteries (24.5%) on June 17, 1993 (DOY 168) 
and the implementation of a constant 40 degree SAD offset on August 6, 1994 (DOY 218), have 
contributed to the stable and lower C/D ratio values seen since June of 1993. 


1994 NASA Aerospace Battery Workshop 


-605- 


Nickel-Hydrogen / Nickel-Cadmium Data Session 





Figure 6: C/D Ratio for the Mission Life 


Half battery differential voltages for batteries 1,2, and 3 are presented in Figure 7. The battery 
differential voltages showed similar degraded features with all three batteries crossing zero as the 
spacecraft to inertial point mode. An improvement is evident in all three half battery differential 
voltages. The half battery differential voltages for battery 1 continues to near zero, while 
batteries 2 and 3 are approaching toward zero. 


Allow SA 



158 228 298 2 72 1 42 212 282 352 57 127 197 267 
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Day of Year 


I ■ Battery 1 mean “ ~ ° Battery 2 mean * Battery 3 mean 

Figure 7: Half Battery Differential Voltages for the Mission Life 

A significant improvement in the end-of night load bus voltage is apparent from Figure 8 for the 
last six months. The end-of-night load bus voltage has been approximately 26.88 volts for this 
period. 
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Begin PMON 



Day of Year 


" volts D Length of Day 


Figure 8: End-of-Night Load Bus Voltage for the Mission Life 
CONCLUSIONS 

The constant current mode implementation successfully limits the C/D ratio to a specified goal. 
This has been enhanced by the use of the battery efficiency change which allow the end of night 
load bus voltage to stabilize about 26.88 volts during periods of maximum eclipse. The 40 degree 
solar array offset maintains a battery current input between 13 amps and 20 amps. The 
implementation of the CCM charge control, PMON efficiency change, and the SA offset have 
optimized battery operation for the EP/EUVE spacecraft 
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Regulator Unit (SPRU) that employs NASA Standard 
VT levels and constant current modes for the charging 
of batteries 
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(inboard - facing earth) and battery 2 (outboard - facing 
space) diverged from nominal value of 3 °C to almost 8 °C 
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battery differential voltages now different by as much 
as 500 mV from two months before 
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current charge mode at the end of spacecraft day 
to control C/D ratio 
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- Deep discharges were conducted on two 
approached 32% DOD on the second day 
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Sample of UARS Flight Battery Database 
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UARS BATTERY PERFORMANCE: DAILY AVERAGE 
BATTERY TEMPERATURE VS DAY OF YEAR 
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DAY OF YEAR - 1994 



UARS BATTERY PERFORMANCE: DAILY AVERAGE BATTERY 

C/D RATIO VS DAY OF YEAR 
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DAY OF YEAR - 1994 



BATTERY PERFORMANCE: DAILY AVERAGE BATTERY 
DEPTH-OF-DISCHARGE VS DAY OF YEAR 



1994 NASA Aerospace Battery Workshop 


■ 627 - 


Nickel-Hydrogen /Nickel-Cadmium Data Session 
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UARS BATTERY PERFORMANCE: DAILY LOAD SHARE 
DIFFERENTIAL BETWEEN BATTERY 1 & 2 VS DAY OF YEAR 
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UARS BATTERY PERFORMANCE: DAILY AVERAGE 
TEMPERATURE SPREAD BETWEEN BATTERY 1 AND 2 VS 

DAY OF YEAR 
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DAY OF YEAR - 1994 




UARS BATTERY PERFORMANCE: DAILY BATTERY 
DIFFERENTIAL VOLTAGE VS DAY OF YEAR 



1994 NASA Aerospace Battery > Workshop 


- 630 - 


Nickel-Hydrogen / Nickel-Cadmium Data Session 





RS BATTERY PERFORMANCE: DAILY BATTERY 
DIFFERENTIAL VOLTAGE VS DAY OF YEAR 



1994 NASA Aerospace Battery Workshop 


- 631 - 


Nickel-Hydrogen /Nickel-Cadmium Data Session 


YEAR - 1994 









1994 NASA Aerospace Battery Workshop 


- 632 - 


Nicke 1-Hydrogen / Nickel-Cadmium Data Session 




DATABASE FIGURES - continued 
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UARS BATTERY PERFORMANCE: DAILY AVERAGE DEPTH OF DISCHARGE vs 
DAILY AVERAGE END OF NIGHT LOAD BUS VOLTAGE FOR SPECIFIC 

PERFORMANCE PERIODS 
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DEPTH OF DISCHARGE 




APPLICATION OF THE DATABASE 


; ; 
8.1 
S3 

I - 

o 

o « 

CO .Q 
CO “ 

0) o 

£ 3 


CD M " 
co Jr 
3 £ 

0) >, 

£ ■- 

o 5 

CO co 

J= o 

§=5. 

.3 CL 

3: co 

O CO 


w o 
o o 

(D t- 

£ ■- 
m "3 

£ £ 

£ o 

CO CL 

X P 

° I 

S to 

z> ° 

m 3 
— O 

® re 

E = 

0 O 

U>'+£ 
CO t? 

g © 

9 a 

E o 


CO 

h- 

- c 

<D Tf 

-C t 1^ 
.? = r 
S? O > 

o 

i?§ 

*3 9 

fll 

0 m - 
£ Tf m 

1 H ° 

5 > °> 

WH- O 
.q O 3 


■3 Q 
<2 O 
■— as 


79P4 NASA Aerospace Battery Workshop 


Nickel-Hydrogen / Nickel-Cadmium Data Session 


3. Use of straight VT 4 from DOY 188 to 192 






Example 1: Effects of Deep Discharge Conditioning 
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DAILY MAXIMUM BATTERY 
LOAD CURRENTS (AMPS) 


Example 1 : Effects of Deep Discharge Conditioning 

( continued ) 
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CONCLUSIONS FROM EXAMPLE 1 
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temperatures during full-sun 
periods 





Example 2: Effect of C/D Ratio Control 
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640 


DAILY MAXIMUM BATTERY 



Example 2: Effect of C/D Ratio Control 

(continued) 
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CONCLUSIONS FROM EXAMPLE 2 
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Beta angle is decreasing (eclipse duration increasing 
/ length of S/C day decreasing) 
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CONCLUSIONS FROM EXAMPLE 3 
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increasing) 




PRESENT OPERATIONAL STRATEGIES 
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C/D ratios only when the Beta angle is increasing 

Use straight VT charging only when the Beta 
angle is decreasing 



PRESENT OPERATIONAL STRATEGIES - 

continued 
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- an absolute value exceeding 350 mV at any 
time in an orbit 





SUMMARY 
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